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a b s t r a c t
Tsunami deposits accumulated on the Tohoku coastal area in Japan due to the impact of the Tohoku-
oki earthquake. In the study reported in this paper, we applied principal component analysis (PCA) and
cluster analysis (CA) to determine the concentrations of heavy metals in tsunami deposits that had been
diluted with water or digested using 1 M HCl. The results suggest that the environmental risk is relatively
low, evidenced by the following geometric mean concentrations: Pb, 16 mg kg−1 and 0.003 ml L−1; As,
1.8 mg kg−1 and 0.004 ml L−1; and Cd, 0.17 mg kg−1 and 0.0001 ml L−1. CA was performed after outliers
were excluded using PCA. The analysis grouped the concentrations of heavy metals for leaching in water
and acid. For the acid case, the ﬁrst cluster contained Ni, Fe, Cd, Cu, Al, Cr, Zn, and Mn; while the second
contained Pb, Sb, As, and Mo. For water, the ﬁrst cluster contained Ni, Fe, Al, and Cr; and the second clus-
ter contained Mo, Sb, As, Cu, Zn, Pb, and Mn. Statistical analysis revealed that the typical toxic elements,
As, Pb, and Cd have steady correlations for acid leaching but are relatively sparse for water leaching. Pb
and As from the tsunami deposits seemed to reveal a kind of redox elution mechanism using 1 M HCl.
© 2015 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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0. Introduction
A large amount of sandy sediment was deposited on the coastal
reas of the Tohoku region of Japan due to the impact of the
ohoku-oki earthquake (Chaguè-Goff et al., 2012). These sandy sed-
ments, deposited both on land and on the sea ﬂoor near the coast,
re called tsunami deposits. In some cases, they contain heavy
etals. The total amount of tsunami deposits in the six affected
refectures is estimated to be about 13000–28000 Gg (Japan Soci-
ty of Material Cycles and Waste Management (2013)). While prior-
tizing ways to effectively use these deposits, it is also necessary to
ppropriately deal with those which cannot be effectively utilized
Komai et al., 2012). Although there have been some studies which
ave analyzed the chemical composition of the tsunami deposits,
heir geochemical characteristics are not well understood because
his requires combining various known and unknown origins and
rocesses, such as the original composition of the rocks and de-
osits, weathering, and transport (Nakamura et al., 2012; Kuwatani
t al., 2014).∗ Corresponding author. Tel./fax: +81 795 4859.
E-mail address: k-nakamura@mail.kankyo.tohoku.ac.jp (K. Nakamura).
o
g
e
ttp://dx.doi.org/10.1016/j.chemosphere.2015.09.078
045-6535/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article uSome heavy metals, such as Hg, Zn, Cd, Pb, and As, may be
aken up by crops and transferred further up the food chain
Muhammad et al., 2013). Kawabe et al. (2012) suggested that the
eavy metals in tsunami deposits do not create much added risk
o human health, because the exposure levels are estimated to be
ower than acceptable intake levels. The estimated exposure levels
re Pb, 1.4 × 10−2 μg kg−1 d−1; Cd, 4.6 × 10−3 μg kg−1 d−1; and
r, 8.9 × 10−3 μg kg−1 d−1.
In Japan, there are two primary experimental methods for
eavy metals risk assessment. These are prescribed by law in
he designated standards for soil contamination countermeasures
Ministry of the Environment, 2002), and both prescribe batch
eaching methods for analyzing heavy metals. The ﬁrst of these
s the standard soil concentration test, which considers the path-
ay from soil contamination to direct ingestion, and the other is
he standard soil leaching test, which considers the pathway from
oil contamination to ingestion of ground water (Lieth and Mark-
rt, 1990). The soil concentration and soil leaching standards do
ot consider long-term elution in a real environment. The input
f anthropogenic toxic metals to remote mountain ecosystems is
enerally lower than in valleys and settled areas, but due to differ-
nt natural (physical and chemical) processes, the amount of heavynder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Tsunami deposit sampling points. Red circles show locations where the
leaching values of arsenic or lead exceed the Japanese soil criteria. This map is
based on a Digital Map 25000 provided by the Geospatial Information Authority of
Japan (Kawabe et al., 2012). Sampling points with high risk indicate concentrations
of As and/or Pb over 0.01 mg L−1.
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Cmetals is gradually increasing and they are capable of interacting.
Heavy metals may react in one or more of the following ways:
adsorption, precipitation, chemisorption, passivation, ion exchange,
surface complexation, inclusion (microencapsulation), and chemi-
cal incorporation (Fanyong et al., 2013; Li et al., 2001). The stan-
dard methods noted above are not intended to reproduce the real
mechanisms involved in the elution of heavy metals from contam-
inated soil. However, they have been determined by experiment to
be likely elution mechanisms. Thus, they can be used to study the
elution of heavy metals.
In this study, we investigate tsunami deposits from the Tohoku
district and the North Kanto area in Japan. A systematic investiga-
tion could help to determine the major and trace elements present
in the tsunami deposits. We used two well-established statistical
techniques to classify the elements, namely principal component
analysis (PCA) (Eyup, 2011; Calisi et al., 2013) and cluster analysis
(CA) (Rosario et al., 2014; Lidia and Przemyslaw, 2013). Conducting
PCA on and forming a dendrogram from a CA of the soil concen-
tration and soil leaching evaluations of tsunami deposits can pro-
vide information on their provenance. PCA and CA are very com-
monly used multivariate analysis techniques that can extract hid-
den structures and patterns from high-dimensional data in vari-
ous ﬁelds of natural and social sciences. By combining these meth-
ods, it is possible to classify the elution of heavy metals from the
original tsunami deposits in 1 M hydrochloric acid and in pure
water.
Many studies of tsunami deposits have reported on their dis-
tribution, their physicochemical characteristics (Inui et al., 2012;
Takai et al., 2012), and the environmental effects of toxic ele-
ments they contain (Bacosa and Inoue, 2015; Komai et al., 2012).
However, these studies mainly acquired data on current situations
and for use in risk analysis. The geochemical and statistical fea-
tures of tsunami deposits are not suﬃciently understood. There-
fore, geo-statistical approaches using leaching tests and statistical
analysis are essential to understanding the environmental behav-
iors of tsunami deposits.
In this paper, we present the results of applying PCA and CA
techniques to evaluate the elution concentration and acid leach-
ing of heavy metals from tsunami deposits in order to gain under-
standing of the potential elution mechanism of heavy metals from
such deposits.
We also present an evaluation of the relationships among the
heavy metals in the tsunami deposits.
(1) We use data samples from six prefectures to quantify the
leaching concentrations using water and acid on tsunami de-
posits to examine the elution levels of the various heavy
metals and to assess the risk they pose.
(2) The elution characteristics of the heavy metals are extracted
using PCA, which is also used to exclude outliers from the
data.
(3) The relationships between the various heavy metals in the
tsunami deposits are evaluated by CA, using the data from
which outliers have been removed using PCA.
2. Materials and methods
2.1. Study area and sampling
In this study, we used tsunami deposits collected from the
coastal area (Fig. 1) of the Tohoku and North Kanto districts. The
sampling methods and measurement data in this paper were de-
scribed in Kawabe et al. (2012). Fig. 1 shows the tsunami deposits
sampling locations Nos. 1–131 and their relation to the Tohoku-
oki earthquake. In 2011, 134 tsunami deposits were collected in
the area. In the sampling protocol, tsunami deposits were deﬁnedo be deposits on top of the soil that had been identiﬁed in the
oil map created by the Ministry of Land, Infrastructure, Transport,
nd Tourism. Tsunami debris was deposited on roads and on va-
ant lots, but these were eliminated since samples from those lo-
ations might be contaminated. In built-up areas, samples were
ollected from places without buildings, such as vacant lots and
laygrounds.
Various kinds of tsunami deposits were observed in the coastal
reas. Some of them were sandy sediments and others were
uddy with large amounts of clay. Fig. 1 shows that our tsunami
eposit samples were composed of gravel, sand, silt, and clay. Most
f the samples contained a high percentage of sand. Comparatively
arger gravel components were found at points 14–78, and silt and
lay were relatively higher at points 50–131. The average organic
atter content in the tsunami deposits was approximately 5%, this
aried widely by location. Organic matter percentages were com-
aratively higher at points 27–100 (Komai et al., 2014). At some
ampling points, As and Pb were detected at higher concentrations
han shown in Fig. 1. These points are widely distributed in the
oastal areas of Miyagi and Iwate prefectures. Gravel and organic
atter contents revealed varying sedimentation conditions. Thus,
e see that that heavy metal concentration does not correlate with
ravel and organic matter content.
Most of the tsunami deposits were either silt or sand. To pre-
are them for chemical analysis, the samples were dried and then
he gravel and organic matter were removed. Finally, the samples
ith grains smaller than 2 mm were separated using a ﬁne (2 mm)
ieve. The sampling methods and measurement data for this study
re described in Kawabe et al.’s paper entitled “Detection limits of
ajor and minor elements as deﬁned by the Soil Contamination
ountermeasures Act” (Ministry of the Environment, 2002).
K. Nakamura et al. / Chemosphere 144 (2016) 1241–1248 1243
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o.2. Elution concentration and the leaching tests
Both the soil concentration standard and the soil leaching stan-
ard specify batch leaching tests. The soil concentration standard
ests specify an acid elution solvent/solute concentration of 20 mL
Cl (1.0 M) for a sample mass of 0.6 g. The soil leaching tests de-
ermine the leaching concentrations from a 2.0 g sample in 20 mL
f pure water. In the soil concentration tests, distilled solvent was
dded, the suspension was shaken well, and it was left to react
or 2 h. In the soil leaching tests the ingredients were combined
t 25 °C (BR-21FP or BR-23FP; TAITEC) and left to react for 6 h.
he solutions were then separated from the materials using vac-
um ﬁltration with a 0.45 μm membrane ﬁlter. The Al, Cr, Mn, Ni,
u, Zn, Mo, Sb, Pb, Fe, As, and Cd concentrations were measured
y inductively coupled plasma mass spectrometry (ICP-MS; ICPS-
500, SHIMADZU) and inductively coupled plasma atomic emission
pectroscopy (ICP-AES; ICP-7000, SHIMADZU). A single data point
as deemed suﬃcient to indicate that the sample exceeded the
nvironmental standard. The leaching concentrations were mea-
ured only once per sample. Any samples with As or Pb con-
entrations exceeding 0.008 mg L−1 were reanalyzed twice. Each
oncentration was recorded as the maximum of the three evalua-
ions. Heavy metals in tsunami deposits are uniformly distributed
long the coast area. Thus, this study used a maximum value of
.008 mg L−1 for the sake of prudence. The soil and leaching con-
entrations were found to have coeﬃcients of variation that were
ess than or equal to 30%.
The pH and electrical conductivity (EC) of the extracts were
easured following JGS 0211 (The Japanese Geotechnical Society
tandard, 2014a) and JGS 0212 (The Japanese Geotechnical Society
tandard, 2014b), respectively.
.3. Multiple classiﬁcation analysis
.3.1. Principal component analysis
Principal component analysis (PCA) is one of the most com-
only used multivariate analysis techniques, and it is able to ex-
ract hidden structures and patterns in high-dimensional data from
arious ﬁelds of natural and social sciences (Sarbu et al., 2012). PCA
ses an orthogonal transformation to create a set of interrelated
ynthetic variables (principal components; PCs) from a correlated
bservational dataset. By ignoring the synthetic variables which
ave the smallest statistical variance, we can extract the most im-
ortant low-dimensional subspace from the high-dimensional data
et. In addition, the synthetic variables which have the largest sta-
istical variances are assumed to reﬂect factors which contribute
ost to the variation in the data.
.3.2. Cluster analysis
Cluster analysis (CA) is a multivariate analysis approach in
hich samples are classiﬁed into groups that share similar at-
ributes. In this study, we used it to identify different geochemi-
al groups (Guo-Li et al., 2013). In establishing the clusters, Ward’s
ethod was used as the amalgamation rule, and the squared Eu-
lidean distance was the metric. The results of the CA were repre-
ented in a dendrogram, which showed the correlations of concen-
rations at levels of similarity between the different variables (Li
nd Feng, 2012; Lu et al., 2012).
. Results and discussion
.1. Results of batch leaching tests
The pH and EC of the tsunami deposits are summarized. The
eochemical properties vary signiﬁcantly between the tsunami de-
osit samples. The mean value of pH was 8.3, and that of EC was.1 S m−1. In the northern coastal areas, the mean value of pH
as 8.4; in the middle area, it was 7.5; and in the southern area
t was 9.7. In the north, the mean value of EC in the deposits was
.3 S m−1; in the middle area, it was 0.18 S m−1; and in the south,
t was 0.1 S m−1. Details of the pH and EC were previously re-
orted by Kawabe et al. (2012).
Fig. 2 shows result of the standard concentration tests (acid-
eaching concentration) and the standard leaching tests (water-
eaching concentrations) of heavy metals in the samples collected
n all prefectures combined and in each prefecture separately.
The acid-leaching concentrations presented in Fig. 2 show that
l, Cr, Mn, Ni, Cu, Pb, Fe, As, and Cd are contained in the tsunami
eposits at concentrations of from 10 to 100 times the concentra-
ions of the other elements. Zn, Mo, and Sb were not found in
ny samples. Al and Fe were found at concentrations that were
igher than those of any other heavy metals (Al: mean concen-
ration 2300 mg kg−1; Fe: mean concentration 4200 mg kg−1). Cr,
n, Ni, Cu, Pb, As, and Cd had mean concentrations of 0.2 mg kg−1
o 160 mg kg−1.
The water-leaching concentrations revealed different trends
han the acid-leaching concentrations for each of the heavy met-
ls (Fig. 2). Not all of the heavy metals (Al, Cr, Mn, Ni, Cu, Zn,
o, Sb, Pb, Fe, As, and Cd) were able to be eluted from all of
he tsunami deposits. The concentrations of Al, Mn, and Fe were
igher than those of the other heavy metals (Al: mean concentra-
ion 2.0 mg L−1; Mn: mean concentration 0.3 mg L−1; Fe: mean
oncentration 1.0 mg L−1). For Cr, Ni, Cu, Zn, Mo, Sb, Pb, As, and Cd,
he mean values of the concentration ranged from 0.0001 mg L−1
o 0.01 mg L−1.
The designated standard of the general description in the
oil Contamination Countermeasures Act (Japan) stipulates the
aximum allowed concentrations and leaching concentrations for
eavy metals. In this study, we assessed the acceptability of acid-
eaching concentrations of Pb, As, and Cd (Japanese criteria: Pb:
50 mg kg−1; As: 150 mg kg−1; Cd: 150 mg kg−1), as well as their
ater-leaching concentrations (Japanese criteria: Pb: 0.01 mg L−1;
s: 0.01 mg L−1; Cd: 0.01 mg L−1). The acid-leaching concentration
nd water-leaching concentration of Cd did not exceed the legally
cceptable level. However, in none of the prefectures did the back-
round of the acid-leaching concentration or water-leaching con-
entration of heavy metals exceed the legally acceptable levels.
sunami deposits are the primary reservoir of heavy metals in the
tmosphere, hydrosphere, and biota, and thus they play a funda-
ental role in the global geochemical cycles of these elements.
eavy metals in tsunami deposits pose a potential threat to the en-
ironment and have the potential to damage human health though
arious adsorption pathways. The Japanese criteria for the max-
mum allowable exposure (based on human health risk assess-
ents) of dioxins and heavy metals from soil and groundwater are
iscussed in the literature (Xingmei et al., 2013; Cao et al., 2010).
e conclude that the water-leaching concentrations of heavy met-
ls from tsunami deposits in water and acid are likely to pose
low risk, since their geometric means are calculated to be Pb:
6 mg kg−1 and 0.003 mg L−1; As: 1.8 mg kg−1 and 0.004 mg L−1;
nd Cd: 0.17 mg kg−1 and 0.0001 mg L−1.
.2. PCA of heavy metals in the tsunami deposits
.2.1. PCA using acid-leaching test result concentrations
PCA was performed on the results of the soil concentrations
tandard test for 12 heavy metals (Al, Cr, Mn, Ni, Cu, Zn, Mo, Sb,
b, Fe, and As). Fig. 3 shows the resulting eigenvalues and eigen-
ectors, respectively, of the ﬁrst four PCs. The horizontal axis indi-
ates the various elements, and the vertical axis indicates the co-
ﬃcient of each element in the eigenvector. Fig. 4 shows a graph
f the ﬁrst three PCs.
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Fig. 2. Results of average acid-leaching concentrations and water-leaching concentration of all tsunami deposits (N = 134).
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PThe eigenvectors of the 1st two PCs account for 70%
(PC1 = 50%; PC2 = 20%) of the variance in the 12 dimensions, as
shown in Fig. 3. The other PCs have lower contributions. Tsuchiya
et al. (2012) reported that Si accounted for a mean of 60% of
the major elements in tsunami deposits. Al, Na, Fe, and Ca also
accounted for large amounts. The second principal component
(PC2) is characterized by an inverse correlation between the minor
lithophilic and siderophilic elements (Al, Mn, Ni, Fe, and As) and
the minor chalcophilic elements (Cu, Zn, Mo, Sb, Pb, and Cd). Fig. 4
shows the concentrations obtained based on the PC scores; note
that the score of each PC indicates the geochemical distributionFig. 3. Eigenvalues of the PCs of the acid-leaching concentrations and Eigenvectors of th
The horizontal axis indicates the components (from PC1 to PC12), while the vertical axisn each prefecture. Many of the points are close to zero, indicat-
ng that different prefectures have the same concentrations. Thus,
C1 and PC2 can represent the concentrations in the tsunami de-
osits. However, the concentrations of some elements are different
n different prefectures, and the observed concentrations cannot be
epresented using these PCs. In particular, for Aomori, PC1 = 23
nd PC2 = −9.5, and for Miyagi, PC1 = 4 and PC2 > 5. We con-
ider these to be outliers, since they do not fall inside the following
anges: PC1 [-5, 5] and PC2 [-4, 4]. CA was performed using only
hose concentrations within PC1 [-5, 5] and PC2 [-4, 4]. First, the
CA was performed in order to ﬁnd and exclude outlier samplese 1st four PCs of the acid-leaching concentrations of heavy metals for all samples.
indicates the eigenvalues.
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Fig. 4. Biplot of the ﬁrst two PCs for all samples: PC2 vs PC1. The samples are
classiﬁed by prefecture as indicated by colored circles.
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those chemical compositions might have been modiﬁed by some
rregular effect. The thresholds for PC1 [-5, 5] and PC2 [-4, 4] were
erived from the 2-sigma (95%)area of each component. In addi-
ion, the PC scores outside this threshold are sparse, while those
nside the threshold are dense.
.2.2. PCA using water-leaching test result concentrations
Fig. 5 shows the eigenvalues of the PCA for the results of the
tandard soil leaching test for all the samples. Fig. 6 shows plots of
he ﬁrst three PCs for all samples.
The eigenvectors of the 1st three PCs account for 66%
PC1 = 28%; PC2 = 23%; PC3 = 15%) of the variance in the 12 di-
ensions shown in Fig. 5; the contributions of the other PCs are
maller. Thus, PC1, PC2, and PC3 express the most important char-
cteristics for the eluted concentration. Fig. 6 shows that PC1 has a
lear positive correlation with all of the heavy metals. PC2 is char-
cterized by an inverse correlation between the minor lithophilic
nd siderophilic elements (Al, Cr, Ni, Fe, and As) and the minor
halcophilic elements (Cu, Zn, Sb, and Cd). PC2 for the leaching
oncentrations is not clearly comparable to PC2 for the soil concen-
rations. The leaching concentration data are within the detection
imits. We also note that PC2 contains large coeﬃcients for the Mn,
n, and Cd eigenvectors, and thus it ispossible that PC2 is charac-
erized by elements that form divalent ions in water. PC3 is divided
nto eigenvectors with positive (Cu, Mo, Sb, Pb, and As) and nega-
ive (Al, Cr, Mn, Ni, Zn, Fe, and Cd) coeﬃcients. The elution mech-
nisms in tsunami deposits are complex and depend on various
hysical factors such as pH, cation exchange capacity (CEC) redox
otential (Rinklebr and Du, 2011; Du et al., 2009), and the concen-
ration of heavy metals (Rupp et al., 2010). The concentrations of
eavy metals in the tsunami deposits are most likely governed by
orption and desorption processes with different soil constituents.
Fig. 6 shows a map on which the water-leaching concentra-
ion at each near where PC1, PC2, and PC3 are all equal to zero.
hus, the characteristics of PC1, PC2, and PC3 can be used to rep-
esent the leaching concentrations of the tsunami deposits. How-
ver, some of these eluted concentrations do not share these char-
cteristics. In particular, those for Aomori (PC1 = 8; PC2 = 6;
C3 = −6), Miyagi (PC1 = 4; PC2 = 12; PC3 = 2), Miyagi
PC1 = 12; PC2 = −4; PC3 = −2), and Fukushima (PC1 = 8;
C2 = 6; PC3 = −6) cannot be represented by these PCs. We es-
ablished outliers as those that did not fall within the following
anges: PC1 [-5, 5], PC2 [-4, 4], and PC3 [-2, 2]. We then per-
ormed CA using the leaching concentrations that lay within those
et ranges. The leaching concentration results vary more than those
or the soil concentrations. The PCA of the leaching concentrations
sed the pure water version of the standard soil leaching protocol,
nd the PCA for acid-leaching concentrations of the standard soil
oncentration protocol. As a result, the concentrations are highern the soil than in the solutions.
In the same way that as for the PCA using water-leaching con-
entrations, we also used PCA to exclude outlier samples whose
hemical composition might have been modiﬁed by some irregular
ffect. The threshold levels of PC1 [-5, 5], PC2 [-4, 4], and PC3 [-2,
] are derived from the 2-sigma (95%) area of each component.
.3. CA results
CA was performed on the results of the batch leaching tests us-
ng water and acid, excluding the outliers identiﬁed by the PCA.
his CA was used to determine the origin of the heavy metals.
ig. 7 shows the hierarchical clustering of the heavy metals found
n the solution samples. In CA, variables with similar properties
re classiﬁed in the same category. Following the ﬁrst classiﬁca-
ion, the pair of categories that have the highest degree of sim-
larity are merged to form a new category. The merging process
s repeated until all individuals are classiﬁed in a single top-level
ategory. Using this method, the 12 heavy metals from the tsunami
eposits were classiﬁed and merged into two distinct clusters with
standard distance of 10.
• CA for acid-leaching concentration.
The ﬁrst cluster includes Ni, Fe, Cd, Cu, Al, Cr, Zn, and Mn; while
he second cluster includes Pb, Sb, As, and Mo. In the ﬁrst cluster,
i and Fe are the closest (distance = 1). The other heavy metals
n the ﬁrst cluster (Cd, Cu, Al, Cr, Zn, and Mn) were moderately
lose (distances in the range of 6–10). As can be seen in Fig. 7, the
oncentrations of Ni and Fe are more closely related than are the
oncentrations of the other heavy metals in this cluster.
This result suggests that Fe and Ni follow the same elution
rend, and Cd, Cu, Al, Cr, Zn, and Mn follow a different trend. For
b, Sb, As, and Mo, the elution trends differed for each sample.
• CA for water-leaching concentration.
The ﬁrst cluster includes Ni, Fe, Al, and Cr. The second cluster
ncludes Mo, Sb, As, Cu, Zn, Pb, and Mn. Cd was not considered
n the water-leaching concentration. In the ﬁrst cluster, Ni and Fe
ere the closest (distance = 1). The other heavy metals in this
luster (Al and Cr) were reasonably close (distances in the range
f 8–10). As can be seen in Fig. 7, Ni and Fe are more correlated
ith the ﬁrst cluster (including Al and Cr) than with any of the
ther heavy metals.
This result suggests that Fe and Ni follow the same elution
rend while Al and Cr follow another. For Mo, Sb, As, Cu, Zn, Pb,
nd Mn, the elution trends were different for each sample. Cd is
nown to cluster with other heavy metals, so it is possible that the
d leaching concentration is lower than that of the others (Fig. 2).
nderstanding the elution behavior of heavy metals in soil and
sunami deposits is very important because it involves understand-
ng several factors (e.g., adsorption–desorption, redox, etc). For ex-
mple, Al, Fe, and Ni in tsunami deposits are interacting due to re-
ox. It should be noted that the results of the CA suggest slightly
ifferent relationships based on the elution behaviors in acid and
ater.
The CA extracted the characteristics of the relationships be-
ween the heavy metals in solution. These characteristics placed
i and Fe in the ﬁrst cluster for both sets of results. These two
lements are important in the elution mechanisms that dominate
edox in soil, tsunami deposits, and recycled materials (Xie et al.,
014). Hui et al. suggested that these metal ions are important
n the order Co > Ni > Fe. A smaller difference between the co-
rdination radius of Fe, Co, or Ni, and Mn(5) or Mn(3) is asso-
iated with more dopants being compatible within the Mn lay-
rs (Yin et al., 2013). Al and Cr were the next closest elements in
he ﬁrst clusters. The available amounts of these two heavy metals
1246 K. Nakamura et al. / Chemosphere 144 (2016) 1241–1248
Fig. 5. Eigenvalues of the PCs of the water-leaching concentrations and Eigenvectors of the 1st four PCs of the acid-leaching concentrations of heavy metals for all samples.
The horizontal axis indicates the components (from PC1 to PC12), while the vertical axis indicates the eigenvalues.
Fig. 6. Biplots of the ﬁrst three PCs for all samples. PC2 vs PC1, PC3 vs PC1, PC3 vs PC2. The samples are classiﬁed by prefecture as indicated by colored circles.
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Fig. 7. Hierarchical clustering of heavy metals for all samples (N = 129). For Cd, the water-leaching and acid leaching concentrations were calculated as for the other
elements, but Cd does not appear with a distance in the water-leaching CA. Thus, all the samples are subject to detection limits even after the relationships are determined.
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Cre considered to reﬂect the amount of heavy metals that are po-
entially mobile under changing environmental conditions. The se-
uence of relative mobility of these elements is similar for both ap-
roaches, and in increasing order they are (Al and Fe) < Ni < (Cu
nd Co) < Zn < Mn < Pb. In terms of the percentage differences
etween the contrasting values for the two approaches, Fe and Ni
how the greatest divergence (Ross, 2002).
The CA of the batch leaching tests in water and acid determined
he relationships between the heavy metals, and these relation-
hips help us to understand the potential elution mechanisms. In
erms of risk, the elution mechanisms of Cd, As, and Pb are the
ost important. In Fig. 7, we see that the concentration of Cd is
lose to those of Ni and Fe. Thus, the Ni and Fe concentrations
ontrol the Cd concentration. We note that the Pb and As leaching
oncentrations in water and acid are also close to those of Ni and
e. This suggests that that the Pb and As concentrations depend
eavily on the characteristics of the samples in the place of ori-
in. Pb and As are often found in Japan during tunnel construction,
uilding site clearance, and the mining of metals (Correspondence
anual to Rock and Soil Conteined Natural Issue Heavy Metals in
onstruction Work Exploratory Committee (2010)). It has been re-
orted that Pb and As can be transported by particulate matter
nd sorption/adsorption in groundwater and soil (Takamatsu et al.,
010; Danilo et al., 2013). It is therefore extremely important to
ocate the sources of Pb and As. In the tsunami deposit samples,
he CA showed Pb and As to have a constant relationship, and the
oncentration of these two elements does not correlate to that of
he other elements considered in this study. We assume that these
lements have a unique elution redox mechanism in the tsunami
eposits. The concentration of Pb is not correlated with that of the
ther elements considered in this paper, and it also seems to have
ts own unique elution mechanism in the tsunami deposits. The
eaching concentration helps us to understand the relationships of
he elution mechanisms of Mo and Sb.
The correlations of the acid-leaching concentrations between
he heavy metals determined in the analysis are much denser than
hose of the water-leaching concentrations as shown in Fig. 7. From
he PCA results, we believe that the distances between metals in
he hierarchical clustering are important to understanding the risk
f heavy metal elution from tsunami deposits. The closeness of the
istances in the acid-leaching hierarchical clustering communicates
ore obvious correlations and it points to the geochemical char-
cteristics of the tsunami deposits. From a heavy metal risk as-
essment viewpoint, the denser relationships between the heavy
etals in the acid-leaching results suggests that they hold help-
ul information pertaining to the risks of heavy metals in tsunami
eposits.. Conclusion
A geochemical survey and investigation were carried out to ex-
mine the elution risk due to tsunami deposits. The leaching be-
aviors of heavy metals from materials deposited by the tsunami
ssociated with the Tohoku-oki earthquake and the risk their elu-
ion poses to humans were evaluated by statistical analysis. There
ere very few samples that exceeded the Japanese soil criteria for
cid-leaching concentrations of Pb, As and Cd. The tests of tsunami
eposits in the six prefectures affected by the tsunami showed
imilar elution behaviors and trends, as shown by the PCA of the
eavy metals. Especially, the mean and maximum concentrations
ere approximately the same across all prefectures.
PCAs of the water-leaching and acid-leaching concentrations
f heavy metals in tsunami deposits suggest that external factors
such as pollution or geological processes) may affect the distri-
ution of these elements. However, the PCA method allows us to
ivide the deposits into classes with different characteristics. After
sing PCA to determine and exclude outliers, CA was performed.
he results showed that the Fe and Ni elution trends for the de-
osits were strongly related, but those for Mn, Pb, Sb, As, and
o were not. The same was true for Cu, Zn, Mn, and Cd in so-
ution. It was found that the typical toxic elements, As, Pb, and Cd,
ave steady correlations when leached in acid but are relatively
parse for water leaching. Because the variation in concentrations
etween the samples is large, it is important to separately evaluate
hose typical heavy metals whose concentrations are not strongly
elated to those of the other elements.
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